A generalized non-Markovian diffusion model which describes the interaction of Langmuir waves with field-aligned electrons in the auroral ionosphere is found to be relevant to the large amplitude Langmuir waves measured by UC Berkeley sounding rockets and by the Freja satellite. This model is valid for any ordering of the diffusion time and the autocorrelation time (the standard quasilinear diffusion model requires the diffusion time to be much longer than the autocorrelation time). We demonstrate that, while the quasilinear diffusion approximation is valid for the lower altitudes studied by the Berkeley sounding rockets, the non-Markovian model is needed for the intense waves observed at the higher altitudes probed by Freja. A test particle simulation is employed to quantify our estimates of the relevant timescales.
While the wave spectrum has been modeled in detail for a fixed bump-on-tail instability [Newman et al., 1994] , the effect of the waves on the distribution has yet to be determined self-consistently. Although the acceleration of ions by lower hybrid waves in the auroral ionosphere has been modeled extensively at the level of quasilinear diffusion [Retterer et al., 1994] , the interaction of Langmuir waves with electrons has not.
The standard model for wave-particle interactions, known as quasilinear diffusion, describes the diffusion of particles in velocity space due to a spectrum of randomly phased waves. The quasilinear model is Markovian in the sense that the evolution of the particle distribution function depends only on its present value, and on none of the preceding values [Stratonovich 1963 Quasilinear theory might appear to be a reasonable candidate for modeling Langmuir wave-particle interactions in the auroral ionosphere since previous studies have found the saturated waves to be phase incoherent [Newman et al. 1994 ]. However, in addition to phase incoherence, there is a timescale ordering which must be satisfied. The quasilinear diffusion approximation is only valid if the particle diffusion time is much longer than the wave autocorrelation time. If this is not the case, the evolution of the particle distribution will be non-Markovian.
In this letter we assess the validity of quasilinear diffusion in the auroral ionosphere, find it to be inadequate, and present a model of non-Markovian diffusion valid in the regime where the quasilinear approximation breaks The derivation of (2) requires that the system have a wide diffusive regime so the initial evolution of the particle distribution due to coherent acceleration can be neglected compared to its subsequent diffusive behavior. This gives rise to the condition: where tD is the spectral diffusion time and tac is the While the quasilinear diffusion approximation is not valid at the higher altitude for the field strength of IEIrrn, = 500 mV/m, it will be valid for sufficiently weaker fields. In order to estimate the field strength at which quasilinear diffusion starts to break down, we note that the quasilinear diffusion time is inversely proportional to the square of the intensity of the Langmuir field. Assuming that the parallel spectral width is similar to the width obtained by Newman et al. [1994] , waves with a nominal field strength of IEIrrn, w. 150 mV/m will have tD w. 64w•e l, which is comparable to the quasilinear time at the lower altitude. These waves will be treatable with quasilinear theory.
Test particle verification of timescale estimates
A test particle simulation was used to verify the above estimates. The initial distribution of test particles was a narrow gaussian centered around vz = 28.lye and vx = 3.29ve, corresponding to the phase velocity of the center of the wave spectrum which was discussed earlier. This ensemble of particles was advanced in time according to the Lorentz force due to the wave spectrum (6) and to the background magnetic field. The diffusion tensor was then calculated as = -
2t ' where t is the time at which we measure Dij. Note For both altitudes the time evolution of the perpendicular width of the particle distribution is oscillatory around the initial width, indicating that perpendicular diffusion is negligible. Furthermore, after running our simulations for several different perpendicular spectral widths, we find our results to be independent of the perpendicular spectral shape. This justifies our use of the same spectrum at both altitudes, since the ratio wc,/wp, (which depends on altitude) only affects the perpendicular extent of the spectrum.
For the lower altitude, the test particle diffusion coefficient agrees well with quasilinear theory. In figure l a, we see that for t • 1.5tat w. 24w•e • the evolution of the test particle distribution is diffusive (Sv 2 -2Dzzt).
The value of the numerical diffusion coefficient is within two percent of the quasilinear result. For t < tac the quantity 5v 2 increases quadratically with time according to 5v(t) 2 = (eErm,/m)2t 2. This behavior is consistent with acceleration due to a coherent wave field (the so-called free-streaming limit) to within 1%.
Using the same wave amplitude and spectrum at the higher altitude as the lower altitude, we find the acceler-ET AL.: NON-MARKOVIAN DIFFUSION ation in the free streaming limit (t <tac) is still within less than one percent of theory. However, for t >tac, we see that no diffusive regime exists ( We have also verified (using test particle simulations) that both quasilinear and non-Markovian diffusion are effectively one-dimensional (along the magnetic field) for auroral parameters. This is a useful simplification for constructing a future model of Langmuir turbulence in the auroral ionosphere that contains both wave-wave and wave-particle nonlinearities. Since the one-dimensional non-Markovian model is computationally tractable, a self-consistent model could be obtained by coupling one-dimensional non-Markovian diffusion to the two-dimensional nonlinear wave-wave simulations which were used to generate the wave spectrum involved in the above calculations. This model would be valid in the general non-Markovian regime, which includes the free-streaming and quasilinear limits, thereby allowing the study of self-consistent Langmuir turbulence at both high and low altitudes of the auroral ionosphere.
